Maize (Zea mays L.) breeders commonly assign inbred lines to groups in order to maintain the high level of hybrid vigor obtainable from crosses. It had already been reported that the genetic similarity estimated from 60 SSR loci was effective for the assignment of maize inbred lines derived from European hybrids, which contain mixtures of dent and flint germplasm, to dent or flint groups adapted to the cold regions of Japan. We evaluated a simplified assignment method using a smaller number of SSR loci. Two subsets were chosen from the full set of 60 SSR loci distributed uniformly throughout the maize genome. Set 1 composed of 25 loci and Set 2 composed of 14 loci were chosen based on the difference in allele frequency (0.4 for Set 1 and 0.5 for Set 2) between dent and flint groups. SSR loci of Set 1 and Set 2 carried a total of 176 and 99 alleles among 88 inbred lines, respectively. The numbers of alleles for Set 1 and Set 2 were 38% and 21% of the number of alleles for the full set of SSR loci, respectively. The assignments based on mean genetic similarity estimates using Set 1 SSR loci almost all corresponded to those using the full set of SSR loci. Furthermore, the assignments of several inbred lines based on Set 1 SSR loci were ascertained by testcross data. The results indicated that the assignment using Set 1 SSR loci with a similar accuracy to that of the full set of SSR loci is an efficient method in a maize breeding system.
Introduction
For the breeding of maize (Zea mays L.) hybrids adapted to the cold regions of Japan, hybrid vigor (heterosis) obtainable from crosses between dent and flint inbred lines is utilized. In this breeding system, the dent inbred lines were developed from North American or European hybrids, and the flint inbred lines from local varieties derived from Northern flint or European hybrids. Among them, European hybrids are usually obtained by crossing early-maturing dent and European flint lines. Therefore, since the inbred lines developed from European hybrids are mixtures of dent and flint germplasm, it is difficult to assign them to either dent or flint group based on morphological data such as endosperm types and/or pedigree records (Inoue et al. 1984) . Since assignments based on testcross data using several testers are extremely expensive and time-consuming, a more convenient assignment method should be developed to promote the use of such inbred lines developed from European hybrids.
Molecular markers that directly evaluate genetic differences between inbred lines have been used to assess the genetic diversity among them (Melchinger 1999) and to assign inbred lines to groups of USA dent germplasm (Melchinger et al. 1991) , European germplasm (Messmer et al. 1992a , 1992b , Boppenmaier et al. 1992 , Chitto et al. 2000 , and USA dent and European germplasms (Dubreuil et al. 1996) . The cost, labor, and time required for molecular marker analysis are major constraints on the use of marker technology in breeding systems (Stuber et al. 1999) . Obviously, the cost of analysis depends mainly on the choice of marker types and on the number of markers required for sufficient accuracy. Simple sequence repeat (SSR) analysis offers potential advantages of reliability, reproducibility, discrimination, standardization and cost-effectiveness over RFLP analysis (Smith et al. 1997) . SSR analysis, which has been found to be a valuable complement to field trials after identification of the groups, could be used to introduce exotic germplasm systematically (Reif et al. 2003) . It has been demonstrated that SSR analysis of 60 loci distributed uniformly throughout the maize genome is effective for the assessment of genetic diversity among inbred lines, and was sufficient to assign them to flint and dent groups (Enoki et al. 2002) . Bardosa-Neto et al. (1997) have pointed out that marker loci should be chosen uniformly over an entire genome in genetic diversity studies to avoid biases due to sampling, and that the precision of genetic similarity (GS) estimates increased as the number of marker loci increased. However, it is preferable to determine the minimum number of markers Communicated by H. Ikehashi Received April 28, 2004 . Accepted November 12, 2004 required for assignment with a given level of precision in a breeding program. Smith et al. (2000) reported that genetic distance estimates based on selected loci with differences in allele frequency of 0.4 or greater between Stiff Stalk Synthetic (BSSS) and non-BSSS inbred lines were significantly correlated with F 1 grain yield and the degree of heterosis for grain yield. However, no assignment method based on selected loci with differences in allele frequency of 0.4 or greater between maize groups has been reported.
The objective of the present study was to assign inbred lines developed from European hybrids, whose genetic background was unknown, to dent or flint groups based on the mean GS estimates derived from a smaller number of SSR loci compared with the original 60 SSR loci (Enoki et al. 2002) , these loci were chosen based on the differences in mean allele frequency between dent and flint groups. Moreover, to evaluate the accuracy of the assignment method based on each subset of SSR loci, we investigated the testcross performance of several inbred lines developed from European hybrids that were not consistently assigned based on the subsets of SSR loci used.
Materials and Methods

Plant materials
Seventy-seven maize inbred lines were chosen to represent maize inbred lines adapted to the cold regions of Japan (Hokkaido area and northern part of Tohoku area), and 11 maize inbred lines (A509, A619, A679, B73, C103, CO12, CO158, F2, F283, Oh43 and W79A) introduced from the USA, Canada and Europe were used for comparison. Thirtyfive of the above 88 inbred lines were developed from dent germplasm and 21 from flint germplasm including Northern flint and European flint. The remaining thirty-two inbred lines (M1 to M32) were developed from European hybrids whose pedigree records were unknown and were designated as "miscellaneous".
Total DNA was isolated from a bulk of five seedlings from each inbred line using the modified CTAB procedure (Saghai-Maroof et al. 1984) .
Selection of SSR loci
Sixty SSR primer pairs, which were examined originally in the report of Enoki et al. (2002) , were used. Amplification and detection methods are described in the report of Enoki et al. (2002) . Each chromosome carried at least five SSR loci, and the mean map distance between adjacent SSR loci was approximately 21.1 cM. Details of the SSR loci and their map locations are given in the report of Enoki et al. (2002) and in the Maize Genetics and Genomics Database (http://www.maizegdb.org/).
Subsets of the 60 SSR loci were chosen based on differences in allele frequency above 0.4 (Set 1) or 0.5 (Set 2) between the 35 dent and the 21 flint inbred lines (See Table 1 ). Smith et al. (2000) showed that the genetic distance estimates between BSSS and non-BSSS inbred lines, based on selected loci with differences in allele frequency of 0.4 or greater, were significantly correlated with F 1 grain yield and the degree of heterosis for grain yield. Senior et al. (1998) showed that many loci with differences in allele frequency 2) Loci were designated based on MAIZE GDB and the SSR Consensus 1998 (Romero-Severson 1998).
3) Values indicate the centimorgan from the short arm edge. 4) D and F stand for the dent and the flint alleles with frequency differences above 0.40, respectively. of 0.5 or greater between BSSS and Lancaster Sure Crop (LSC) groups were located in regions where QTLs for yield heterosis in a B73 × Mo17 cross were detected. B73 and Mo17 are representative inbred lines of BSSS and LSC, respectively.
Statistical analysis
Estimates of GS for all possible pairs of the inbred lines were calculated from the polymorophism data of each subset of SSR loci according to the following equation (Dice 1945, Nei and Li 1979) using the NYSYS-pc program (Rohlf 1989) :
where GS(i,j) is the GS estimate between inbred lines i and j; N(i,j) is the total number of bands common to both lines; and N(i) and N(j) are the numbers of bands specific to line i and line j, respectively. The mean GS estimates of the 32 miscellaneous inbred lines with dent group (GS-D) and flint group (GS-F) were calculated from the polymorphism data of each subset of SSR loci. Then, these miscellaneous inbred lines were assigned to a group based on the difference between the values of GS-D and GS-F, the significance of the differences between the values of GS-D and GS-F being determined by t-tests. If the GS-D value was significantly higher than the GS-F value, the miscellaneous inbred line was assigned to the dent group, and vice versa. If there was no significant difference between the GS-D and GS-F values, it was assigned to the intermediate type. The accuracy of the assignment based on each subset of SSR loci was evaluated by comparison with the results of the assignment based on the original full set of SSR loci.
Testcross designs
Four miscellaneous inbred lines (M14, M17, M26 and M31), which were differently assigned based on the two subsets of SSR loci used, were crossed with 3 dent and 3 flint inbred lines, which were representative testers in the cold regions of Japan, respectively. Twenty-four F 1 crosses were planted at the National Agricultural Research Center for Hokkaido Region, Sapporo, Hokkaido, Japan on May 16 in 2003. The experimental design was based on randomized blocks with two replications. Plant density was 6.84 plants/ m 2 , 34 plants were 0.195 m apart in 3.5 m rows spaced at 0.75 m. Ten plants per plot were harvested by cutting at 5 cm height from the ground level on September 26, when most of the F 1 crosses had reached the mid-dent stage. The means for the dry matter yield and days to silking of the crosses between each miscellaneous inbred line and testers were calculated, and were used for the evaluation of heterosis. If the means for the dry matter yield of the crosses with dent testers were significantly higher than those with flint testers (p = 0.05), the miscellaneous inbred line was assigned to the dent group, and vice versa. If there was no significant difference in the mean values for the dry matter yield between the crosses with dent and flint testers (p = 0.05), the mean values for days to silking were used for preliminary assignment.
Results
Selection of SSR loci
The full set of 60 SSR loci carried 463 alleles among the 88 maize inbred lines and the numbers of alleles for the SSR loci ranged from 2 to 17, with a mean value of 7.7. The mean GS estimate among the 35 dent inbred lines was 0.36, with a variance of 0.011. The mean GS estimate among the 21 flint inbred lines was 0.43, with a variance of 0.009. The mean GS estimate between the 35 dent inbred lines and the 21 flint inbred lines was 0.25, with a variance of 0.002.
Two subsets of SSR loci, Set 1 and Set 2, were estimated based on the differences in allele frequency between dent and flint groups ( Table 1 ). The numbers of SSR loci in Set 1 and Set 2 were 25 and 14, respectively. SSR loci of Set 1 and Set 2 carried a total number of 176 and 99 alleles among the 88 inbred lines, respectively. These values accounted for 38% and 21% of the allele number of the full set of SSR loci, respectively. For the 1st, 6th and 9th chromosomes, the percentage of the SSR loci belonging to Set 1 and Set 2 ranged from 67% to 86% and from 60% to 67%, respectively. In contrast, there was no SSR locus belonging to Set 1 for the 3rd and 4th chromosomes.
Assignments based on each set of SSR loci
The thirty-two miscellaneous inbred lines were subjected to the assignment to dent or flint groups based on the mean GS estimates with each group using the two subsets and the full set of SSR loci (Table 2) . Using the original full set of SSR loci, 4 miscellaneous inbred lines were assigned to the dent group, 12 to the flint group, and the other 16 to the intermediate type. In the assignment using Set 1 SSR loci, 27 of them were assigned consistently based on the results from the full set of SSR loci. The assignment of the residual 5 inbred lines (M10, M16, M19, M22 and M26) depended on the SSR loci used. In the analysis of the full set of SSR loci for these 5 inbred lines, the values of GS-D were not significantly different from those of the respective GS-F, and the inbred lines were assigned to the intermediate type.
In the analysis of Set 1 SSR loci, the GS-F values of 4 of these 5 inbred lines (M10, M16, M19 and M26) were significantly higher than those of the respective GS-D, while the GS-D value of M22 was significantly higher than that of GS-F. Therefore, M10, M16, M19 and M26 were assigned to the flint group, and M22 was assigned to the dent group.
The assignment of 25 inbred lines based on Set 2 SSR loci gave the same results as those based on the full set of SSR loci, whereas the assignment of the residual 7 inbred lines (M3, M10, M16, M19, M22, M30 and M31) based on Set 2 SSR loci was different. In the analysis based on the full set of SSR loci, the GS-D values of 6 inbred lines (M3, M10, M16, M19, M22 and M30) were not significantly different from those of the respective GS-F, and the inbred lines were assigned to the intermediate type. In the analysis of Set 2 SSR loci, the GS-F values of these inbred lines were significantly different from those of the respective GS-D. The GS-F values of 4 of these 6 inbred lines (M10, M16, M19 and M30) were significantly higher than those of the respective GS-D, while the GS-D values of M3 and M22 were significantly higher than those of the respective GS-F. Therefore, M10, M16, M19 and M30 were assigned to the flint group, and M3 and M22 were assigned to the dent group. However, the assignment of M31 based on Set 2 SSR loci gave opposite results to those based on the full set of SSR loci; M31, which was assigned to the flint group based on Set 2 SSR loci, was assigned to the dent group based on the full set of SSR loci. Therefore, the results of the assignments based on Set 2 SSR loci were more different from those based on the full set of SSR loci than those based on Set 1 SSR loci.
Testcross designs
The means for the dry matter yield and days to silking of the crosses of 4 miscellaneous inbred lines (M14, M17, M26 and M31) with dent and flint testers are shown in Table 3 . Assignments for these inbred lines based on the two subsets of SSR loci were inconsistent. In M14 and M17, there was no significant difference between the GS-D and GS-F values based on either set of SSR loci. In M26 and M31, the assignments differed depending on set of SSR loci used.
The means for the dry matter yield and days to silking ranged from 157 to 177 kg/a and from 78.7 to 82.3 days, respectively. There were no significant differences between the means of the crosses with dent and flint testers, either for dry matter yield or days to silking. The means for the dry matter yield of the crosses of M26 with the dent testers were significantly higher those with the flint testers (p = 0.05). The means for the dry matter yield of the crosses of the other Table 2 . Mean genetic similarities (GS) between the miscellaneous inbred lines and the dent (GS-D) or flint (GS-F) inbred lines estimated by using the original fullset, Set 1, and Set 2 of SSR loci
Inbred line
Full set of SSR loci Set 1 SSR loci Set 2 SSR loci *** and ** stand for the significance of difference between the values of GS-D and GS-F at the 0.001 and 0.01 levels, respectively. 2) D, F, and I indicate dent, flint, and intermediate type.
inbred lines with the dent testers were not significantly different from those with the flint testers. The means for days to silking of the cross of M17 with the dent testers were not significantly different from those with the flint testers. However, the means for days to silking of the crosses of M14 and M31 with the flint testers were significantly earlier than those with the dent testers (p = 0.05).
Discussion Bardosa-Neto et al. (1997) have reported that the precision of GS estimates based on molecular markers decreased as the number of marker loci decreased. However in the present study, the results of the assignment of the 32 miscellaneous inbred lines using reduced numbers of SSR loci mostly agreed with the results based on the original full set of SSR loci.
The use of testcross data is effective for estimating the relative combining abilities of inbred lines (Hallauer et al. 1988) . Comparison of the assignments based on the mean GS estimates and the results from the testcrosses showed that the assignments of M14 and M17 based on the SSR loci corresponded to the testcross data. The inbred lines were assigned to the intermediate type by SSR analysis, and the means for dry matter yield were not significantly different between those of their crosses with the dent and flint testers. The assignments of M26 and M31 differed depending on set of SSR loci used. M26 was assigned to the intermediate type based on the full set and Set 2 SSR loci, while to the flint group based on Set 1 SSR loci. The crosses of M26 with the dent testers showed a higher dry matter yield than those with the flint testers, indicating that the assignment based on Set 1 SSR loci corresponded to that of the testcross data. M31 was assigned to the dent group based on the full set and Set 1 SSR loci, and to the flint group based on Set 2 SSR loci. For M31, the earlier silking date of the crosses with the flint testers indicated that M31 was more likely to belong to the dent group, although the dry matter yield was not significantly different between the crosses of M31 with dent and flint testers. Therefore, the results of the assignments based on the full set and Set 1 SSR loci were more similar to those of the testcross data than those based on Set 2 SSR loci. The results of the testcrosses indicated that the assignment based on Set 1 SSR loci was considered to be more accurate than that based on Set 2 SSR loci. The results also showed that the assignment method based on Set 1 SSR loci was as accurate as that based on the full set of SSR loci. The results of the assignments based on Set 2 SSR loci were more different from those based on the full set of SSR loci than those based on Set 1 SSR loci. The lower accuracy of the assignment based on Set 2 SSR loci may be attributed to the omission of several genome regions for the assignment of the dent and flint groups.
SSR loci belonging to Set 1 and Set 2 were mostly located on the 1st, 6th and 9th chromosomes and not on the 3rd or 4th chromosomes. Senior et al. (1998) reported that SSR loci with significant differences in allele frequency between the BSSS and LSC groups were located on the 3rd, 5th, 6th, 8th, 9th and 10th chromosomes. In the present study, many SSR loci on the 6th and 9th chromosomes displayed differences in allele frequency above 0.4 between dent and flint groups adapted to the cold regions of Japan. This indicates that the SSR loci on the 6th and 9th chromosomes may show a large difference in allele frequency when other maize groups were tested. On the other hand, in many SSR loci on the 1st chromosome, the difference in allele frequency between the dent and flint groups was above 0.4 in the present study, while Senior et al. (1998) reported the absence of SSR locus with a difference in allele frequency between the BSSS and LSC groups on the 1st chromosome. Conversely, the 3rd chromosome carried many SSR loci with a difference in allele frequency between the BSSS and LSC groups (Senior et al. 1998) , while there was no SSR locus with a difference in allele frequency between the dent and flint groups on the same chromosome in the present study. These results indicate that the 1st chromosome may be a characteristic region for the assignment of the inbred lines adapted to the cold regions of Japan, while the 3rd chromosome is the characteristic region for the assignment of BSSS and LSC groups. Further investigations for other maize groups may provide useful information on the characteristic regions for assignment in maize.
We evaluated the use of smaller sets of SSR loci chosen from the 60 loci in assigning the miscellaneous inbred lines to dent or flint groups. Importantly, the assignment method based on the 25 key SSR loci (Set 1) was as accurate as that based on the full set of SSR loci distributed uniformly throughout the maize genome, suggesting that only 41.7% Least significant difference (p = 0.05) and coefficient of variance are 15 kg/a and 4.5% for dry matter yield, and 1.3 days and 0.8% for days to silking, respectively. * indicates significance at the 0.05 level. 2) Each value is the mean of 3 crosses of the miscellaneous inbred lines with dent or flint tester inbred lines.
3) Means of the crosses of the dent and flint testers with the 4 miscellaneous inbred lines. * * * of the full set of SSR loci should be examined. More efficient testcross designs could be obtained in breeding programs by selecting the crosses based on Set 1 SSR loci in advance. Moreover, information about mean GS estimates based on Set 1 SSR loci would become a useful index for the selection of parents of materials for new dent or flint inbred lines. Senior et al. (1998) reported that many of the loci with a significant allele frequency between the BSSS and LSC groups were located in regions where QTLs had been detected for yield heterosis in a B73 × Mo17 cross. In the present study, the region with a significant difference in allele frequency between dent and flint groups could not be assigned to the region related to heterosis for grain yield in the crosses between dent and flint groups because QTL analysis had not been reported. In the future, QTL analysis for yield traits of dent × flint crosses may provide useful information for elucidating the mechanisms of heterosis in the crosses between dent and flint groups.
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